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Abstract
Background: Recent meta-analyses of the efficacy of probiotics for preventing diarrhea associated with Clostridium difficile have
concluded there is a large effect favouring probiotics. We reexamined this evidence, which contradicts the results of a more recent
large randomized controlled trial that found no benefit of Lactobacillus probiotics for preventing C. difficile-associated diarrhea.
Methods: We performed a systematic review of the efficacy of treatment with Lactobacillus probiotics for preventing nosocomial
C. difficile-associated diarrhea in adults and carried out a meta-analysis using a Bayesian hierarchical model. We used credibility
analysis and meta-regression to characterize the heterogeneity between studies.
Results: Ten studies met our inclusion criteria. The pooled risk ratio was highly statistically significant, at 0.25 (95% credible interval
0.08–0.47). However, the 95% prediction interval for the risk ratio in a future study, 0.02–1.34, was wider than the credible interval,
owing to heterogeneity between studies. Furthermore, a credibility analysis showed that the strength of the evidence was weaker
than the observed number of cases of C. difficile-associated diarrhea across studies would suggest. Meta-regression suggested that
the beneficial effect of probiotics was more likely to be reported in studies with an increased risk of C. difficile-associated diarrhea in
the control group, although this association was not statistically significant.
Interpretation: Accounting for between-study heterogeneity showed that there is considerable uncertainty regarding the apparently
large efficacy estimate associated with Lactobacillus probiotic treatment in preventing C. difficile-associated diarrhea. Most studies to
date have been carried out in populations with a low risk of C. difficile-associated diarrhea, such that the evidence is inconclusive and
inadequate to support a policy concerning routine use of probiotics in to prevent this condition.

D

iarrhea associated with Clostridium difficile results in
significant morbidity in inpatients.1,2 Its manifestations range from debilitating diarrhea to toxic megacolon requiring surgical intervention to death.3 Nosocomial
diarrhea due to C. difficile is strongly associated with antibiotic
therapy,4 with the mechanism of risk believed to be antibioticrelated disruption of the intestinal flora. At the institutional
level, prevention is by infection-control measures. At the
patient level, there has been great interest in reestablishing
normal biota via fecal transfer in recurrent C. difficile infection5 and especially by prophylactic administration of purified
microbial preparations (“probiotics”), given their low cost and
easy availability. Consistently, meta-analyses have estimated a
protective effect of probiotics of various strains against nosocomial C. difficile-associated diarrhea,6–9 on the basis of a clinically heterogeneous group of small to medium-sized studies of
generally low to moderate quality. However, a recent large,
well-run study failed to show a statistically significant preventive effect of a mixture of Lactobacillus acidophilus and bifidobacteria on C. difficile-associated diarrhea in older inpatients.10
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Such discrepancies between the results of early metaanalyses and subsequent large randomized trials (RCTs) have
previously been noted11 and have been attributed to publication
bias in the form of selected publication of small RCTs reporting optimistic results. In the case of meta-analyses of probiotics
for preventing C. difficile-associated diarrhea, we believe that an
additional problem is that standard statistical methods may
have underestimated the statistical heterogeneity between the
published studies and exaggerated the precision in the pooled
effect size. Meta-analyses published to date6–9 have used the traditional DerSimonian–Laird random-effects model for metaanalysis,12 which is known to underestimate heterogeneity.13
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Our objective was to conduct a systematic review and metaanalysis of RCTs of the efficacy of treatment with Lactobacillus
spp. probiotics for preventing diarrhea due to C. difficile in
adult patients, while examining the issue of between-study
heterogeneity more thoroughly by applying a Bayesian hierarchical meta-analysis model.

Methods
To ensure proper reporting of this systematic review and
meta-analysis, we completed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) checklist14 (available at www.cmajopen.ca/content/4/4/E706/suppl/
DC1).

Literature search

The search covered PubMed, Embase, the Cochrane Library,
CINAHL and ClinicalTrials.gov. Search terms included “probiotic*” (where the asterisk indicates a wild card), “Lactobacill*”
and terms specific for the organisms themselves, combined with
“antibiotic associated diarrhea,” “Clostridium” or “difficile”
(Appendix 1, available at www.cmajopen.ca/content/4/4/E706/
suppl/DC1). The search was last updated on Dec. 20, 2015. In
addition, we closely reviewed the included and excluded papers
from published systematic reviews and meta-analyses for inclusion. We summarized the results using a PRISMA flow
diagram.14

Inclusion criteria

To be included in the meta-analysis, a study had to have been
published in a peer-reviewed journal and described as a doubleblind RCT recruiting predominately or exclusively adult inpatients who were receiving antibiotics of any kind and for
any indication, and who were not described as having active
diarrhea. By double-blinding we meant blinding of patients
and study personnel responsible for measuring outcomes. This
reduced the risk of ascertainment bias of cases of C. difficileassociated diarrhea in studies with incomplete testing and
enabled us to use a “missing at random” assumption to adjust
for missing data (see Statistical analysis section). The active
treatment had to contain Lactobacillus species at any dosage.
We included studies using different dosages and formulations
of Lactobacillus probiotics. We excluded yeast studies to reduce
the heterogeneity of interventions as well as studies in children and those involving community-acquired C. difficileassociated diarrhea because these represented different populations. C. difficile-associated diarrhea had to be defined as
diarrhea in a patient with a positive result of culture or toxin
assay for C. difficile, and the paper had to report sufficient
information about numbers tested to allow for adjustment for
incomplete testing for C. difficile.

Data abstraction and risk of bias assessment

Three of the authors (A.S., X.X. and L.S.) carried out the literature searches, review of study quality and data extraction.
From each study we extracted the number of patients randomly assigned to the intervention and placebo groups, the

numbers of patients who had antibiotic-associated diarrhea in
each group, the number who were tested for C. difficile and
the number who were classified as having C. difficile-associated
diarrhea. In addition, we extracted descriptive information
(study location, inclusion criteria, probiotic strain and dosage,
method of testing for C. difficile and source of funding) and
patient demographic characteristics and covariates (mean age,
proportion by sex, and proportion receiving each group or
class of antibiotics). We assessed the risk of major biases
described by the Cochrane Collaboration (selection, treatment,
attrition and detection) as “no,” “yes” or “unclear” (which
included instances where we had insufficient information to
assess risk of bias). We then classified studies as A (no major
sources of bias), B (1 possible source of bias) or C (≥ 2 possible
sources of bias). Detailed scoring is given in Appendix 1.

Statistical analysis

Our primary outcome of interest was nosocomial C. difficileassociated diarrhea. We analyzed the data for all patients randomly allocated to a study group in each study, assuming first
that patients who had no recorded antibiotic-associated diarrhea were negative for this condition and second that missing
information on the results of testing for C. difficile in patients
with antibiotic-associated diarrhea was missing at random.
The latter assumption was based on the expectation that, since
we selected double-blinded studies, the group to which a
patient was randomly allocated could not influence the decision to test for C. difficile-associated diarrhea. For each study
we estimated the risk of diarrhea due to C. difficile in the probiotics and placebo groups and the risk ratio (RR) comparing
them. In cases in which the study design included 2 probiotics
groups (low and high dosage), we combined probiotic users
into a single group.
There was considerable heterogeneity in the risk of
C. difficile-associated diarrhea in the placebo group of the
studies selected. To examine the relation between this risk
and the reported effect size, we used a L’Abbé plot. The
L’Abbé plot is a plot of the observed risk of C. difficileassociated diarrhea in the probiotics group versus the observed
risk of this condition in the control group. Deviation from the
diagonal line would suggest that there is an association
between the risk of C. difficile-associated diarrhea in the control
group and the reported RR. To investigate the presence of
publication bias, we used a funnel plot to assess the relation
between the log RR and its standard error reported in the
individual studies.

Bayesian meta-analysis

We used an exact Bayesian random-effects meta-analysis model
to pool RRs across studies while accounting for the heterogeneity within and between studies.15 The Bayesian approach is an
alternative to the classical (frequentist) approach for statistical
inference. A Bayesian analysis requires specification of a prior
distribution for each of the unknown parameters in the model,
namely the pooled RR and the between-study standard deviation in the case of our meta-analysis model. The prior distribution reflects any information we have about the parameter
CMAJ OPEN, 4(4)
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from a source external to the observed data. In our primary
analyses we wished to ensure that the influence of external
information on our conclusions was negligible. Hence we used
vague or noninformative prior distributions (see Appendix 1
for details of prior distributions we used). Figure 1 gives a general description of the role of prior information in a Bayesian
analysis.
The meta-analysis provides estimates of the pooled RR
and between-study standard deviation and their respective
95% credible intervals (CrIs). The 95% CrI is the Bayesian
equivalent of the frequentist 95% confidence interval. It can
be interpreted as an interval that includes the unknown measure with 95% probability. In addition, the Bayesian metaanalysis also provides a predicted RR. Whereas the pooled RR
represents the average across studies, the predicted RR represents the RR in a future study. If the between-study standard
deviation is high, we would expect the prediction interval
(around the predicted RR) to be much wider than the CrI for
the pooled RR. We also estimated the I2 statistic, a measure of
consistency, together with its CrI using the approach described
by Higgins and Thompson.16

A

As the Bayesian analysis provides the entire posterior distribution for each unknown measure (Figure 1), it is possible
to estimate the probability that the unknown measure lies
below a certain cut-off. We estimated the posterior probability that the predicted RR lies below 1.

Credibility analysis

We carried out a Bayesian credibility analysis as an additional
approach to characterize the extent of uncertainty about the
pooled result.17,18 This analysis makes use of the prior distribution feature in a Bayesian analysis to gauge the credibility of
the information in the observed data. It can be applied when
the pooled RR from the meta-analysis is significantly different
from 1 when using a vague prior distribution. Credibility
analysis asks “How skeptical do we have to be to not believe
this statistically significant result?” or, more specifically,
“What skeptical prior distribution would render the pooled
RR nonsignificant?”
The result of the credibility analysis is the “critical” skeptical
prior distribution, which can convert the pooled RR from significant to nonsignificant (i.e., such that the posterior CrI of the
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Figure 1: Role of the prior distribution in a Bayesian analysis. A Bayesian analysis combines the information on the
unknown parameters (e.g., the pooled risk ratio) from the prior distribution and from the observed data in accordance with
Bayes’ theorem. The result is expressed as the posterior distribution of the unknown parameters. The prototypical figures
above illustrate how the posterior distribution is influenced by both the prior distribution and information from the observed
data. Each figure presents the prior density function, the likelihood function (or the information from the observed data) and
the posterior density. When a function is concentrated over a narrow area it is more informative. The more spread out a
function, the less informative it is. In Figure A, a vague prior distribution is used. The flat red line indicates that the prior distribution is highly spread out, placing equal weight on all possible values. The posterior distribution (black line) is determined almost entirely by the observed data (blue line). Therefore, the prior distribution has little or no influence over the
final results. In the remaining figures, the prior distribution is more informative and has an influence on the final results. In
Figure B, both prior distribution and likelihood are in perfect agreement, resulting in a posterior distribution that is more
informative than either of them. In Figure C, the prior distribution and the likelihood are equally informative, resulting in the
posterior distribution’s being between them. In Figure D, the prior distribution is more informative than the likelihood, resulting in a posterior distribution that is located closer to the prior distribution.
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pooled RR includes 1). It is a symmetric distribution centred
at the RR of 1. When the results of individual studies are consistent and precise, the critical skeptical prior distribution
would need to be highly concentrated around 1 to induce a
change in conclusions (high degree of skepticism). When the
results from individual studies are inconsistent and imprecise,
the critical skeptical prior distribution would be more spread
out around 1 (low to moderate degree of skepticism). If an
unreasonably high degree of skepticism is needed to alter our
conclusions, it would suggest that the data are consistent or
credible. If a reasonably skeptical prior distribution is adequate, it would suggest that the data are inconsistent and not
credible.

Classical (frequentist) meta-analysis

For comparison with standard meta-analytical techniques, we
also used the widely applied approximate meta-analysis
method described by DerSimonian and Laird,12 which has
been used in previous meta-analyses of the same research
question. We also implemented 1 other frequentist method
(the Sidik–Jonkman method), which has been described with
the goal of improving estimation of between-study heterogeneity compared with the DerSimonian–Laird method.13 From
each of these analyses we extracted the pooled RR, betweenstudy standard deviation, p value of the Q-statistic (a test for
heterogeneity) and I2 statistic.
Here as well we adjusted the results in studies with incomplete testing. To do this we assumed that the rate of positive
results of testing for C. difficile-associated diarrhea among
patients who were not tested was the same as the observed
proportion among those who were tested, separately within
probiotics and placebo groups. For studies that had 0 cells in
the cross-tabulation between probiotics and C. difficile-associated diarrhea, we added 0.5 to all cells to avoid problems due
to zero proportions.

Examining sources of heterogeneity

We examined possible sources of between-study heterogeneity using Bayesian meta-regression models,18 relating the
pooled RR to different covariates 1 at a time. We considered
the covariate study quality (no major sources of bias identified
[A] v. at least 1 source of bias identified [B or C]), population
prevalence of C. difficile-associated diarrhea (as estimated by
the adjusted proportion of patients with this condition in the
placebo group, either as a continuous variable or dichotomized at the median value < 6% v. ≥ 6%), composition of the
probiotic (preparations containing only Lactobacillus spp. v.
mixed preparations), dosage of probiotic (dichotomized at the
median value of < 50 v. ≥ 50 million colony-forming units as
well as treating dosage as a continuous variable) and whether
studies received industry funding (any support v. none). The
absolute risk difference statistic may be considered easier to
interpret than the relative risk when evaluating the impact of
variable risk of diarrhea due to C. difficile across studies.
Therefore, for this variable alone, we also estimated the
pooled absolute risk difference after stratifying studies by the
risk of C. difficile-associated diarrhea in the placebo group

(< 6% v. ≥ 6%). The Bayesian approach allows estimation of
the probability of an association, i.e., the probability that the
meta-regression coefficient is greater than 0. Probabilities
close to 0 or 1 are indicative of an association. The Bayesian
approach also addresses problems that have been previously
identified with meta-regression models adjusting for the control group risk.19

Sensitivity analysis

We conducted several sensitivity analyses to study the robustness of our Bayesian analysis. First, we varied the prior distribution over the standard deviation of the between-study heterogeneity, as this is known to influence the results of the
meta-analysis.18 Second, we conducted a meta-analysis including the results of the 2 studies that did not report information
on testing to see whether they were systematically different
from those in our primary analysis, assuming, as the authors
did, that untested patients were negative for diarrhea due to
C. difficile. We performed a sensitivity analysis that excluded
the study by Gao and colleagues,20 reasoning that their results
were not generalizable to other settings owing to the
extremely high risk of C. difficile-associated diarrhea reported
in the placebo group. We also performed a sensitivity analysis
limiting inclusion to the 5 studies that used a stricter definition of diarrhea (≥ 3 liquid stools in 24 hours).

Software

We carried out Bayesian analyses using WinBUGS version
1.4.3 for Windows.21 We implemented the frequentist analysis using the R statistical software version 3.0.1 and the R
package metafor version 2.22 We obtained descriptive statistics
and graphs using the R 3.0.1 or SAS 9.3 statistical software
packages. Programs and data used for the primary analyses are
given in Appendix 1.

Quality of evidence

We used the GRADE (Grading of Recommendations, Assessment, Development and Evaluation) guidelines23 to transparently summarize our rating regarding the quality of the evidence on the efficacy of Lactobacillus probiotics for prevention
of C. difficile-associated diarrhea.

Results
Literature search

Our search identified 10 trials that qualified for inclusion10,20,24–31 (Figure 2, Table 1). In addition, 2 trials were
included only in a sensitivity analysis of unadjusted data
because we could not obtain information on the number
tested for C. difficile-associated diarrhea.32,33 In total, we
excluded 108 RCTs (Figure 2). Of these, 1 was excluded
because the separation of cases that were positive for C. difficile toxin between the probiotics and placebo groups was
unclear,34 a second trial was excluded because the patients had
active diarrhea at enrolment,35 and a third trial was excluded
because it was not blinded.36 Two other trials were excluded
because they were published in abstract form only.37,38
CMAJ OPEN, 4(4)
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Included trials ranged in size from 34 to 2981 patients and
were conducted in Canada, the United States, the United
Kingdom and China. The studies were published between
1994 and 2014. Patients received Lactobacillus spp. as single
preparations or in combination, in dosages ranging from < 20
to 450 billion colony-forming units (the latter figure was a
total dosage of a mixed preparation), given as yoghourt, capsules or powder. A variety of definitions of diarrhea were used,
allowing for 1 to 3 liquid stools over 1 to 3 days, with or without application of a formal scale. Details of the studies’ design,
including definition of diarrhea, probiotic and dosage, assay
for C. difficile, length of treatment and length of follow-up, are
summarized in Table 1. In 6 of the 10 studies, there was a
concern for risk of bias on the dimensions we considered
(Table 1, Appendix 1).

Risk of C. difficile-associated diarrhea

After adjustment for incomplete testing for C. difficile in 5
studies, the proportion of patients with C. difficile-associated
diarrhea in the probiotics group ranged from 0%–8%, and in
the placebo group from 0%–24% (Table 2, Figure 3). In 2

Records identified through
database searching
n = 329

studies, no cases of C. difficile-associated diarrhea were identified. In total, the condition was detected in 45/2554 patients
in the probiotics group and 90/2287 patients in the placebo
group. The deviation of the L’Abbé plot from the diagonal
(Figure 3) suggests that studies that reported a greater risk of
C. difficile-associated diarrhea in the placebo group also
reported a greater benefit of probiotics.

Exploration of publication bias

The funnel plot (Figure 4) did not clearly show asymmetry in
the scatter of points across studies. However, this interpretation is limited by the small number of studies and the presence of heterogeneity between the studies.39

Bayesian meta-analysis

A forest plot summarizing the results of the Bayesian hierarchical meta-analysis is presented in Figure 5. The RRs of probiotic
versus placebo for individual studies ranged from 0.06 to 1.29,
with only 2 studies reporting a statistically significant RR.20,29
The median pooled RR was estimated to be 0.25 (95% CrI
0.08–0.47), indicating a statistically significant association on

Records identified in
previous systematic
reviews and trial registers
n = 147

Records screened after
removal of duplicates
n = 348
Excluded n = 228
•
•
•
•
•
•

Not in English n = 18
In pediatrics n = 50
Ongoing trial n = 6
Noncompleted RCT n = 20
Animal study n = 4
Not RCT n = 130

Abstracts/full text assessed
for eligibility
n =120
Excluded n = 108

• Done in healthy people n = 7
• With probiotics other than
Lactobacillus strains n = 19
• Other reasons (primarily AAD/
CDAD not an outcome) n = 82

Included in systematic review
and meta-analysis
n = 12

Figure 2: Flow chart showing study selection. AAD = antibiotic-associated diarrhea, CDAD = Clostridium-difficile–
associated diarrhea, RCT = randomized controlled trial.
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average between Lactobacillus probiotic treatment and a lower
risk of C. difficile-associated diarrhea, with a 75% risk reduction relative to placebo (Table 3). The between-study standard
deviation on the log RR scale was 0.64 (95% CrI 0.06–1.75),

which was relatively high, indicating considerable statistical
heterogeneity between studies (Table 3).
The prediction interval for the RR in a future study was
0.02–1.34. This is much wider than the 95% CrI for the

Table 1: Summary of design and risk of bias in randomized controlled trials of probiotics in the prevention of diarrhea associated
with Clostridium difficile
Method for
detecting
C. difficile

Probiotic
dosage,
CFUs × 109*

Treatment
duration

Length of
follow-up

Risk of
bias†

Industry
funded‡

LA, LPl, B
(capsule;
L pro-1 4.7,
pro-2 17)

Duration of
antibiotic
treatment
+7d

4 wk (post
antibiotic
treatment)

A

Yes

Pro 1493
Pla 1488

LA, B
(capsule; all
60)

21 d

8 wk total
for AAD/
12 wk for
CDAD

A

No

ELFA for toxins
or GDH and
toxin A EIA

Pro 112
Pla 117

LA, LPl, LPa,
LD, B, ST
(powder; all
450)

Duration of
antibiotic
treatment
+7d

4 wk (post
pro/pla
treatment)

B

Yes

≥ 3 liquid stools
in 24 h

Triage panel
(not specified)
and toxin B by
cell culture

Pro-2 86
Pro-1:85
Pla 84

LA, LC
(capsule;
pro-1 L 50,
pro-2 L 100)

Duration of
antibiotic
treatment
+5d

21 d

A

Yes

Sampalis et
al.,26 2010

≥ 1 episodes
unformed or
liquid stool in
24 h

Toxin A and B
(not specified)

Pro 216
Pla 221

LA, LC (milk;
L 50)

Duration of
antibiotic
treatment
+5d

21 d

C

Yes

Safdar et
al.,27 2008§

Watery or liquid
stools for ≥ 2
consecutive
days

Toxin (not
specified)

Pro 23
Pla 17

LA (capsule;
L 20)

Pro 22.8
(9.4) d, pla
24.5 (4.8)
d

NR

B

No

Beausoleil
et al.,28 2007

≥ 3 liquid stools
in 24 h

Cytotoxin assay
(not specified)

Pro 44
Pla 45

LA and LC
(milk; L 50)

Duration of
antibiotic
treatment

21 d

C

Yes

Hickson et
al.,29 2007

≥ 2 liquid stools
daily in excess of
normal for ≥ 2 d

Toxin (not
specified)

Pro 69
Pla 66

LC, LB, ST
(yogourt;
L 0.1, 0.01,
O 0.1)

Duration of
antibiotic
treatment
+7d

28 d

A

No

Plummer et
al.,30 2004¶

NA

Latex
agglutination or
EIA for toxins

Pro 69
Pla 69

LA, B
(capsule, total
20)

20 d

NR

C

Yes

Heimburger
et al.,31 1994

> 200 g stool in
24 h

Culture and
titres

Pro 16
Pla 18

LA, LB
(granules,
dosage not
given)

≥5d

5d

C

No

Author, year

Definition of
diarrhea

Ouwehand
et al.,24 2014

≥ 3 stools Bristol
scale 7

GDH and toxin A
EIA; toxin B by
cell culture

Pro-2 168
Pro-1 168
Pla 167

Allen et al.,10
2013

≥ 3 stools Bristol
scale 5–7, or
looser than
normal by
patient report, in
24 h

In-house tissue
culture assay +
EIA for toxins or
ELFA for toxins
or GDH and
toxin A EIA

Selinger et
al.,25 2013

≥ 3 stools Bristol
scale 6–7

Gao et al.,20
2010

Sample size

Note: AAD = antibiotic-associated diarrhea, B = Bifidobacterium, CDAD = Clostridium-difficile–associated diarrhea, CFUs = colony-forming units, EIA = enzyme
immunoassay, ELFA = enzyme-linked fluorescent assay, GDH = glutamate dehydrogenase, L = Lactobacillus spp., LA = L. acidophilus, LB = L. bulgaricus, LC = L. casei,
LD = L. delbrueckii subsp. bulgaricus, LPa = L. paracasei, LPl = L. plantarum, NA = not available, NR = not reported, Pla = placebo, Pro = probiotics, ST = Streptococcus
thermophilus.
*Dosage is given in colony-forming units unless specified otherwise. Where 2 figures are given, the first represents the total dosage of Lactobacillus species (L), and the
second the dosage of other species (O).
†A = no major sources of bias, B = 1 possible source of bias, C = ≥ 2 possible sources of bias.
‡Included direct study sponsorship. We did not consider supply of investigational material without conditions or support for activities not associated with the study as
support from the manufacturer.
§Treatment duration is given as mean and standard deviation. Although follow-up was mentioned as part of the study design, the precise duration was not reported.
¶Follow-up was post discharge, but no details were given as to treatment duration post intervention or post discharge.
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Table 2: Estimated risk of antibiotic-associated diarrhea, proportion of patients tested for diarrhea associated with Clostridium
difficile and adjusted risk of C. difficile-associated diarrhea in the probiotic and placebo groups*
Risk of AAD, no. of patients/
total no. of patients (%)

CDAD testing, no. of patients/
total no. (%) with AAD

Risk of CDAD among those
tested† (%)

Adjusted risk of
CDAD, %‡

Author, year

Probiotic

Placebo

Probiotic

Placebo

Probiotic

Placebo

Probiotic

Placebo

Ouwehand et
al.,24 2014

33/168 (19.6)
21/168 (12.5)

41/167 (24.6)

33/33 (100)
21/21 (100)

41/41 (100)

3/33 (9.1)
3/21 (14.3)

8/41 (19.5)

1.8

4.8

Allen et al.,10
2013

159/1493 (10.6)

153/1488 (10.3)

93/159 (58.5)

88/153 (57.5)

12/93 (12.9)

17/88 (19.3)

1.4

2.0

Selinger et al.,25
2013

5/117 (4.3)

10/112 (8.9)

5/5 (100)

4/10 (40.0)

0/5 (0)

0/4 (0)

0

0

Gao et al.,20 2010

13/86 (15.1)
24/85 (28.2)

37/84 (44.0)

13/13 (100)
24/24 (100)

37/37 (100)

1/13 (7.7)
8/24 (33.3)

20/37 (54.1)

5.3

23.8

Sampalis et al.,26
2010

47/216 (21.8)

65/221 (29.4)

16/47 (34.0)

30/65 (46.2)

1/16 (6.2)

4/30 (13.3)

1.4

3.9

Safdar et al.,27
2008

4/23 (17.4)

6/17 (35.3)

3/4 (75.0)

4/6 (66.7)

0/3 (0)

1/4 (25.0)

0

8.8

Beausoleil et
al.,28 2007

7/44 (15.9)

16/45 (35.6)

2/7 (28.6)

13/16 (81.2)

1/2 (50.0)

7/13 (53.8)

8.0

19.1

Hickson et al.,29
2007

7/69 (10.1)

19/66 (28.8)

7/7 (100)

19/19 (100)

0/56 (0)

9/53 (17.0)

0

13.6

Plummer et al.,30
2004

15/69 (21.7)

15/69 (21.7)

15/15 (100)

15/15 (100)

2/15 (13.3)

5/15 (33.3)

2.9

7.2

Heimburger et
al.,31 1994

5/16 (31.2)

2/18 (11.1)

5/5 (100)

2/2 (100)

0/5 (0)

0/2 (0)

0

0

Proportion in probiotics group

Note: AAD = antibiotic-associated diarrhea, CDAD = Clostridium-difficile–associated diarrhea.
*Some studies had 2 probiotic groups.
†The denominator is the number of patients with AAD who were tested for CDAD. Values are before adjustment for missing data.
‡Obtained by multiplying the risk of AAD by the risk of CDAD among those tested, under the assumption that the missing test results were missing at random.

0.20
0.15
0.10
0.05
0.00
0.00

0.05

0.10

0.15

0.20

Proportion in placebo group

Figure 3: L’Abbé plot showing the proportion of patients in the probiotics and placebo groups with Clostridiumdifficile–associated diarrhea. The area of the circles is proportional to the precision of the outcomes. The solid
(diagonal) line has a slope of 1. The dashed line, which has a slope equal to the pooled risk ratio from the Bayesian
analysis, indicates that the observed studies deviate from the solid line.
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Standard error of log risk ratio

0.000

1.062

2.124

3.187

4.249
–10.00

–5.00

0.00

5.00

Log risk ratio
Figure 4: Funnel plot of studies included in meta-analysis of Lactobacillus treatment in prevention of Clostridium-difficile–associated diarrhea. The solid line in the centre is at the pooled log risk ratio from the Bayesian
meta-analysis with the vague prior distribution. The two dashed lines on either side demarcate a 95% pseudo
confidence region.

Study
Ouwehand et al.24
Allen et al.10
Selinger et al.25
Gao et al.20
Sampalis et al.26
Safdar et al.27
Beausoleil et al.28
Hickson et al.29
Plummer et al.30
Heimburger et al.31

Favours
probiotics

RR (95% CrI)

Favours
placebo

0.39 (0.14–1.03)
0.70 (0.35–1.39)
0.43 (0.01–15.99)
0.23 (0.11–0.46)
0.48 (0.06–2.21)
0.27 (0.01–3.13)
0.42 (0.07–1.41)
0.06 (0.00–0.40)
0.47 (0.09–1.80)
1.29 (0.03–49.22)

Pooled RR with 95% credible and
prediction intervals with vague prior
distribution
Pooled RR with 95% credible and
prediction intervals with skeptical prior
distribution
0.05

0.25

1.0

4.0

RR (95% CrI)

Figure 5: Forest plot summarizing results of Bayesian hierarchical meta-analysis. The plot shows the pooled risk
ratio (red diamond) and 95% credible interval (solid red line) and 95% prediction interval (dotted red line) estimated by means of a Bayesian meta-analysis with a vague prior distribution, and the pooled risk ratio and 95%
credible and prediction intervals from a Bayesian meta-analysis with a critical skeptical prior distribution. Values
less than 1.0 favour Lactobacillus probiotics. CrI = credible interval, RR = risk ratio.
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Table 3: Comparison of results from Bayesian and frequentist random-effects meta-analysis
models
Frequentist meta-analysis
Measure
Overall measure of treatment
effect: pooled risk ratio (95%
interval)*

Bayesian
meta-analysis

DerSimonian–Laird
approach

Sidik–Jonkman
approach

0.25 (0.08–0.47)

0.42 (0.29–0.59)

0.37 (0.21–0.65)

0.64 (0.06–1.75)

0.02 (SE 0.19)

0.27 (SE 0.26)

–

0.4029

0.4029

0.02–1.34

0.24–0.69†

0.09–1.45†

Measures of between-study
heterogeneity
Between-study variance (log
risk ratio scale) (95%
interval)*
Q-test p value
95% prediction interval for
risk ratio
P (predicted risk ratio < 1)
I2 statistic (95% interval), %*

0.96

–

–

67.4 (1.6–96.7)

4 (0–64)

41.26 (0–77)

Note: SE = standard error.
*95% credible interval for the Bayesian meta-analysis, 95% confidence interval for the frequentist meta-analyses.
†Calculated by means of the methods described by Higgins and colleagues.45

pooled RR owing to the high between-study heterogeneity.
Nonetheless, we found that the probability that the predicted
RR was less than 1 was 0.96. This means that, despite the
apparently wide prediction interval, the evidence in the data
suggests that there is a probability of 0.96 that the true RR in
a future study will lie below 1.
The I2 statistic was 67.4% (95% CrI 1.6%–96.7%), once
again reflecting a high degree of inconsistency between studies
(Table 3).

Credibility analysis

The critical skeptical prior distribution over the pooled RR was
centred at 1, and its 95% CrI ranged from 0.6 to 1.8. This
means a skeptic with a prior opinion that the true RR is most
likely to range anywhere from 0.6 to 1.8 would remain unconvinced by the results of our meta-analysis despite the apparently
large, statistically significant effect of Lactobacillus probiotics.
When we used this skeptical prior distribution, the pooled
RR was 0.57 (95% CrI 0.34–1.15) (Figure 5). The prediction
interval was 0.04–14.67, and the probability that the predicted
RR was less than 1 decreased to 0.73.
We considered the range of the critical skeptical prior distribution to be quite spread out and reflective of a reasonable
degree of skepticism, as it is unusual for a pharmaceutical
intervention to be associated with an RR outside of the range
of 0.6–1.8. Thus, the credibility analysis suggests that the evidence in favour of probiotics was not very robust and the final
conclusion could be altered by use of a moderately informative prior distribution.
The information in the critical skeptical prior distribution
can also be expressed as being equivalent to information from a
balanced, null RCT with 30 events observed in each arm.18 In
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other words, although the total number of cases of C. difficileassociated diarrhea was 135 in the studies included in the metaanalysis, the combined information across the studies was relatively weak and could be displaced by information from a trial
with only 60 observed cases of C. difficile-associated diarrhea.

Comparison of Bayesian and frequentist
meta-analyses
All 3 models reached the conclusion that there is a statistically significant reduction in risk of C. difficile-associated
diarrhea associated with Lactobacillus probiotic treatment
(Table 3). However, the DerSimonian–Laird method led to
the conclusion that there is no between-study heterogeneity.
This is reflected in the low values of both the between-study
standard deviation and the I2 statistic, and a prediction interval that is also highly statistically significant. The SidikJonkman method resulted in a larger estimate for betweenstudy variance and correspondingly wide prediction interval
and a high value of the I2 statistic, reflecting the heterogeneity between studies.

Exploration of sources of between-study
heterogeneity
There was no conclusive evidence of an association between
the pooled RR and any of the covariates we examined, with
the 95% CrIs for the regression coefficient including 0 in all
cases (Table 4). Nonetheless, the probability of an association
with the risk of C. difficile-associated diarrhea in the placebo
group was high.
The pooled RR was 0.17 and was statistically significant in
the studies in which the observed risk of C. difficile-associated
diarrhea was 6% or greater. In comparison, the pooled RR
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was 0.46, with a wide CrI including 1, for the studies with an
observed risk of C. difficile-associated diarrhea of less than 6%.
When we repeated the meta-analysis with the risk difference
as the effect size of interest, the pooled risk difference was
much larger, at –0.16 (95% CrI –0.68 to 0.04), for the studies
in which the observed risk of C. difficile-associated diarrhea
was 6% or greater, compared with –0.02 (95% CrI –0.21 to
0.01) for those with an observed risk of less than 6%.

Sensitivity analyses

The pooled RR from the Bayesian meta-analysis was robust to
changes in the prior distribution for the between-study variance (Appendix 1, Supplementary Table 1). The width of the
prediction interval increased but did not affect our inferences.
Similarly, other sensitivity analyses also showed that the
pooled RR estimate was robust. There was no impact on our
inferences of excluding the study by Gao and colleagues,20 in
which the risk of C. difficile-associated diarrhea was high in the
placebo group, limiting the analysis to the 5 studies that used
a stricter definition of diarrhea or inclusion of the 2 studies
that did not have complete results on testing.

Quality of evidence

The rating of the quality of evidence in accordance with the
GRADE guidelines for RCTs is summarized in Table 5. We
rated concerns about inconsistency and imprecision as “very
serious” and concerns about risk of bias and indirectness as
“serious.” The remaining domains were rated as Unclear. We
considered that the overall quality of evidence regarding the

association between Lactobacillus probiotic treatment and risk
of C. difficile-associated diarrhea was “very low.”

Interpretation
Our meta-analysis suggests that, on average, probiotics containing Lactobacillus spp. have a preventive effect on C. difficileassociated diarrhea, with a pooled relative risk reduction of
75%. However, the wide CrI around the predicted benefit in
a future study includes an RR of 1 and reflects the presence of
heterogeneity in the RRs across individual studies. Our conclusion is further supported by a Bayesian credibility analysis
that suggests that the statistically significant results of the
meta-analysis could be altered by use of a moderately informative skeptical prior distribution.
The observed heterogeneity could not be explained conclusively by study-level characteristics such as risk of bias,
background risk of C. difficile-associated diarrhea as measured
by frequency in the placebo arm, higher versus lower dosage
of probiotics or financial support from industry, owing in part
to the small number of studies we identified. However, there
appears to be evidence suggesting that in order to observe a
beneficial effect on diarrhea due to C. difficile in a single study,
a high background risk of the condition is needed. This leads
us to conclude that it is premature to suggest that there is a
beneficial effect of Lactobacillus probiotics in all settings.
The magnitude of the pooled RR is consistent with reports
from other meta-analyses of various probiotics7,8 using the
standard DerSimonian–Laird method, although the earlier

Table 4: Results of meta-regression models

Potential source of heterogeneity

Subgroup;* no. of
studies

RR (95% CrI)
in subgroups

Meta-regression
coefficient
(95% CrI)

p value
(metaregression
coefficient
> 0)†

Study quality

B or C: 6
A: 4

0.17 (0.03 to 0.64)
0.27 (0.07 to 0.71)

0.4 (–1.3 to 2.4)

0.70

Type of probiotic

Mixture: 5
Lactobacillus only: 5

0.31 (0.07 to 0.68)
0.17 (0.04 to 0.57)

–0.56 (–2.1 to 1.3)

0.26

Probiotic dosage,‡ dichotomous§

< 50 × 109 CFUs: 3
≥ 50 × 109 CFUs: 6

0.18 (0.03 to 0.67)
0.27 (0.07 to 0.68)

0.4 (–1.5 to 2.3)

0.68

Support from manufacturer

No: 4
Yes: 6

0.21 (0.02 to 0.67)
0.26 (0.07 to 0.65)

0.16 (–1.3 to 2.9)

0.60

Proportion of cases of CDAD in placebo
group, dichotomous¶

< 6%: 5
≥ 6%: 5

0.46 (0.12 to 1.05)
0.17 (0.05 to 0.41)

–1.0 (–2.4 to 0.5)

0.08

Proportion of cases of CDAD in placebo
group, continuous

–

–

–3.2 (–11.5 to 7.6)

0.21

Probiotic dosage,‡ continuous**

–

–

0.06 (–0.02 to 0.06)

0.81

Note: CDAD = Clostridium-difficile–associated diarrhea, CFU = colony-forming unit, CrI = credible interval, RR = risk ratio.
*Subgroup listed first was the control group for the comparison, e.g., P (RR in studies of quality A > studies of quality B or C) = 0.7
†p values (regression coefficient > 0) close to 0 or 1 indicate a strong association between the risk ratio and the covariate.
‡For studies that used a mixture of different types of Lactobacillus probiotics, we estimated the average dosage assuming all types of probiotics were in equal proportions.
§Missing for 1 study (Heimburger and colleagues31).
¶Used to represent population risk (in inpatients given antibiotics) for development of C. difficile-associated diarrhea.
**One outlying study (Selinger and colleagues25) was omitted because the extremely high dosage reported resulted in model convergence problems.
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analyses concluded there was no between-study heterogeneity. When the number of studies is small, the DerSimonian–
Laird estimate of the between-study variance is more likely to
be close to 0, incorrectly leading to the conclusion that there
is no between-study heterogeneity.13 When this happens, even
if a user intended to fit a DerSimonian–Laird random-effects
model, a fixed-effects model is obtained instead. This was the
case in our meta-analysis. If the earlier meta-analyses had used

a method that adjusted for between-study heterogeneity,
there may have been no discrepancy between their conclusions and those of Allen and colleagues.10
As we have shown, the Bayesian approach is valuable as it
improves the estimation of between-study heterogeneity compared with the DerSimonian–Laird method. Furthermore, it
uses an exact approach, which is preferable when dealing with
studies with small numbers of events.

Table 5: GRADE (Grading of Recommendations, Assessment, Development and Evaluation)23 rating of confidence in the evidence
of the 10 RCTs with 4841 participants
Summary of findings for primary outcome (CDAD)
Absolute risk

Median RR
(95% CrI)
(prediction
interval)

Median (range)
risk for CDAD in
placebo group
across studies

0.25
(0.08 to 0.47)
(0.02 to 1.34)

6 per 100
patients
(0 to 24)

Expected risk
for CDAD in
probiotics group
(95% CrI)
(prediction
interval)

Rating*

1.5 per 100
patients
(0.5 to 3)
(0.1 to 8.0)

Overall
quality
Very low

Comments
Apparently strong beneficial effect, with
median RR = 0.25, but surrounded by wide
prediction interval owing to heterogeneity of
effect between studies

Quality
assessment
domain
Risk of bias

+++

6 studies had B or C rating (see Appendix 1)

Inconsistency

++

Wide range of risk for CDAD in placebo
group. Wide prediction interval and wide
interval around I2 statistic. Small number of
cases of CDAD overall reduces credibility of
results.

Indirectness

+++

Although Lactobacillus probiotics were used
in all studies, there was variation in strain and
dosage used. Varying definitions of outcome
across studies.

Imprecision

++

Small sample in several studies as CDAD
was typically the secondary outcome. Few
cases of CDAD in most studies.

Publication bias

Unclear

6 studies were industry funded. The funnel
plot (Figure 4), although based on few
studies, suggested no asymmetry in scatter
of points.

Large effect

Unclear

Although pooled estimate suggests a large
effect, there remained much uncertainty in
individual study estimates as reflected by
wide prediction interval and credibility
analysis results

Dose response

Not enough
evidence

Most studies did not consider dose response

Residual
confounding

Not an issue for RCTs

Note: CDAD = Clostridium-difficile–associated diarrhea, CrI = credible interval, RCT = randomized controlled trial, RR = risk ratio, SE = standard error.
*The overall quality is determined by downgrading, from a rating of “high” (4 plus signs), for any concerns in each of the first 5 domains as follows: 0 (no concerns), –1
(serious concerns) or –2 (very serious concerns), or upgrading in the case of the remaining 3 domains.
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The recent large RCT by Allen and colleagues 10 was
planned during an outbreak, and the success of other preventive measures resulted in a lower incidence of C. difficileassociated diarrhea than expected and a loss of power.
Another trial was stopped early, having reached its coprimary
outcome for antibiotic-associated diarrhea before any cases of
C. difficile-associated diarrhea were identified.25 Thus, we see
that a challenge in conducting such RCTs is to attain a sufficient number of cases of diarrhea due to C. difficile to allow
estimation of the effect of probiotics.
For several decades there has been an interest in taking
advantage of Bayesian statistical methods for medical
research,13,40–43 particularly as software to support it is now
available.15,44 As we have shown, advantages include the ability
to make probabilistic statements (e.g., to estimate p [RR < 1]),
to take into account the uncertainty in multiple parameters
simultaneously and to consider the impact of prior information via a credibility analysis. The Bayesian approach is
increasingly being used for meta-analysis as if offers improved
estimation of between-study heterogeneity.
The importance of using appropriate methods for randomeffects meta-analysis has been widely acknowledged45,46 and
needs to be recognized by authors of checklists such as
PRISMA and GRADE, who are in a position to influence good
research practices for systematic reviews. As our analysis shows,
the choice of statistical method could change the conclusions
drawn and policies made based on the same body of evidence.

Limitations

Our strict inclusion criteria limited the number of studies
included. The meta-regression for important covariates was
therefore relatively insensitive on account of the small number of studies in each group. The total number of cases of
C. difficile-associated diarrhea was small, with the largest number contributed by a study from China,20 which also had the
highest rate of C. difficile-associated diarrhea in the placebo
arm (24%, compared with 19% in a study conducted during
an outbreak in Quebec hospitals28). Omitting that study, however, did not affect the effect estimate.
Other potential contributors to underdetection of cases were
the insensitivity of the test used to identify C. difficile-associated
diarrhea47 in earlier studies and insufficiently long follow-up in
some studies, given that trials that followed patients after discharge identified additional cases.28,29 Neither of these factors
is expected to contribute to a differential misclassification and
thereby introduce bias. We assumed that missing tests had the
same probability of having a positive result as available tests,
although, if testing depended on severity of diarrhea, we may
have overestimated the number of tests with a positive result.
Nevertheless, our adjustment produced only slight changes to
the RRs.
We chose to strictly limit our inclusion criteria to studies
of Lactobacillus probiotic treatment in adults, as the exact
mechanism by which probiotics act is unknown.10 Accordingly, our results are not generalizable to yeast probiotics or
to pediatric populations. In addition, although unpublished
abstracts37,38 were included in earlier meta-analyses,7,8 we

chose not to include them, as it was impossible to verify their
risk of bias. Furthermore, the long interval that had elapsed
since publication of some abstracts raised concerns of bias.
Although the studies included in the meta-analysis met our
inclusion criteria, they were clinically heterogeneous in factors relating to background risk of C. difficile-associated diarrhea, species and dosage of probiotic and treatment duration.
As is common with studies involving complementary medicines, there was wide variation in dosage and formulation. We
selected only studies in which the probiotic was a pure Lactobacillus preparation or a mixture of Lactobacillus and other species but did not restrict the dosage, on the assumption that a
minimum dosage was required for colonization of the colon
and that this minimum dosage was achieved in all studies. We
were unable to adjust for variation in length of treatment or
follow-up in our analyses as these were not measured in a uniform manner across studies.

Conclusion

Statistical heterogeneity as well as clinical heterogeneity
reduces our confidence in the evidence favouring treatment
with probiotics containing Lactobacillus spp. for reducing the
risk of C. difficile infection in patients receiving antibiotics.
Future research will need to take account of the changing epidemiologic features of C. difficile infection, with reduced incidence in hospital settings where active prevention measures
have been taken. Studies in high-risk settings that can yield a
large number of cases of C. difficile-associated diarrhea are
needed to provide conclusive results.
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